Introduction
Complex I (NADH:ubiquinone oxidoreductase) is the first enzyme in the respiratory chain of mitochondria. It is in the inner membrane and catalyses the transfer of electrons from NADH to ubiquinone. For each electron pair transferred from NADH to ubiquinone, four protons are pumped out of the mitochondria, helping to generate the proton electrochemical potential gradient across the inner membrane. (For recent reviews see [ 1, 2] .)
Complex I from bovine mitochondria is a large, membrane-bound, multisubunit structure. It binds one FMN cofacter per complex and contains at least five iron-sulphur clusters. Together they form the electron transfer pathway between NADH and ubiquinone. Bovine complex I is an assembly of at least 41 different proteins. Seven hydrophobic subunits, known as ND1-ND6 and ND4L, are encoded in mitochondria1 DNA, and a further 34 subunits are products of the nuclear genes. Assuming that one copy of each subunit is present in the complex, its 41 subunits contain at least 7955 amino acids and have a total molecular mass greater than 910 kDa [2, 3] . The primary structures of the 34 nuclear encoded subunits have been determined [4, 5] . They have revealed relationships between complex I subunits and other proteins of known function, thereby giving clues to their functions. Together with other biochemical and spectral data, they provide details about the locations of redox centres and of the organization of subunits
The sequence analysis of this extremely complicated enzyme was aided greatly by the development of two techniques, which together represent a powerful advance in the analysis of protein sequences. These developments are, first, a rapid protein sequencing strategy based on PCR that requires only, 18 amino acids to be determined by direct sequencing on the protein of interest [4] and, secondly, the advent of electrospray ionization mass spectrometry (e.s.i.-m.s.), which enabled the molecular masses of the intact proteins to be determined accurately. This article will emphasize the role of e.s.i.-m.s. as an integral part of the sequencing strategy, and also its invaluable role in the localization of the subunits in specific subcomplexes made from complex I (M. Finel, J. M. Skehel, I. M. Fearnley and J. E. Walker, unpublished work) [6] . In many cases, the molecular mass measurement provided important verification of the protein sequences, and in addition it allowed post-translational modifications to be identified. [2, 6] .
Abbreviations used: e.s.i.-ms., electrospray ionization mass spectrometry; LDAO, lauryldimethylamine oxide. *To whom correspondence should be addressed.
The rapid protein sequencing strategy
The strategy for obtaining protein sequences was developed so that the subunits of complex I could I994 be sequenced rapidly. The 18 amino acids of protein sequence are determined directly by Edman degradation at the N-terminus or internally from fragments. This sequence is used to design three degenerate 17-mer oligonucleotides: two of them for use as primers in a PCR with total cDNA as template, and the third as a hybridization probe for recognition of the cDNA of interest. Note that no attempt is made to minimize the redundancy of the oligonucleotide mixtures, and oligonucleotide mixtures with complexities of greater than 8000 have been used successfully in our experiments. This generates a short cDNA encoding the 18 amino acid sequence, which is then extended to 5' and 3' extremities of the intact cDNA in further PCRs.
Thus, complete cDNA sequences are obtained rapidly from the products of as few as three PCRs.
With this strategy, the sequences of the bovine complex I subunits were completed in 2-3 years, and it has been used successfully in this laboratory to obtain complete cDNA sequences for over 60 proteins of previously unknown sequence. A more complete description of this technique has been provided elsewhere [4] .
Verification of deduced protein sequences
To verify the deduced protein sequences and to look for post-translational modifications, the molecular masses of purified subunits of bovine complex I were measured. As summarized in Table 1 , the measured masses of 16 subunits agree with the expected values within 1-2 atomic mass units. In most cases, the mass measurements were obtained with 5-30 pmol of protein. This is considerably less than would be required for the determination of more extensive direct amino acid sequences, which in the absence of e.s.i.-m.s. data might be required to support the derived amino acid sequences. These data confirm that the sequences determined for these 16 subunits are correct, and that they contain no post-translational modifications. Furthermore, these data demonstrate that the sequencing strategy, which is based upon the PCR, can be relied upon to provide accurate protein sequences.
Identification of post-translational modifications in complex I
Differences between the masses calculated from the predicted amino acid sequences and those measured by e.s.i.-ms. indicate that, as shown in Table 2 dues. In ten of these subunits, the nature of the post-translational modifications was easily deduced from the differences of 42 atomic mass units between the predicted and measured masses. These measurements indicate that the initiator methionine residues have been removed from the proteins, and that the resultant N-terminal amino acid has been acetylated ( Table 2) . The e.s.i.-m.s. measurements of €312 and B14.5b reveal that they are partially acetylated. With both proteins, two components, differing by 42 atomic mass units were identified in their electrospray ionization mass spectra. In subunit €312, approximately equivalent amounts of the acetylated and non-acetylated forms were observed, whereas in subunit B14.5b a minority of the polypeptide chains were unmodified.
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Post-translational modifications of subunits of complex I determined by e.s.i.-m.s.
A sample of SDAP subunit was treated at pH 9.0 with dithiothreitol t o remove the acyl group from the cofactor. The molecular masses of the subunit were determined before and after this treatment. The molecular mass of phosphopantetheine is 341. 3 A more unusual N-terminal modification was identified in subunit B18. A molecular mass difference of 210 Da between the calculated and measured values indicated that its N-terminal glycine was Na-myristylated. The N-terminal sequence of B18, GAHLA, conforms to the preferred recognition sequence for myristylation in having a glycine following the initiator methionine, and small and uncharged residues (alanines) at positions 2 and 5 [9, 10] .
The most surprising and unexpected modification in complex I subunits was found in subunit SDAP (Table 2) . It had been noted that the sequence of this subunit is related to those of acyl carrier proteins found in fatty acid synthetases in plants and bacteria, particularly around a conserved serine, which is covalently modified by 4-phosphopantetheine in acyl carrier proteins. This cofactor was identified on subunit SDAP by e.s.i.-m.s. of the protein after treatment of the native protein with alkaline dithiothreitol. The molecular mass of the reduced protein corresponded to the value calculated from its amino acid sequence plus the mass of 4-phosphopantetheine. The molecular mass of the native protein is 302 Da greater than this value, and so the phosphopantetheine bears an acyl group with a mass of 302 Da, probably via a thioester linkage [ 113. The precise nature of this acyl group has not been determined. The function of subunit SDAP of complex I is unknown, but it may be involved in mitochondria1 phospholipid biosynthesis.
The post-translational modifications of one subunit, R12, have not been identified fully. The subunit is N-acetylated, but at least one other modification with a mass of 31 Da is also present in the protein. The extra modification has been localized to amino acids 1-12 of the intact protein by mass analysis of fragments produced by endoproteinase Lys-C and CNBr cleavage of the subunit. This N-terminal sequence contains four histidine residues, and it is possible that two of them are methylated. This proposal requires further investigation.
Determination of subunit compositions of subcomplexes of complex I by e.s.i.-m.s.
Intact complex I has been resolved into two subcomplexes called Ia and Ij3 by treatment with the detergent lauryldimethylamine oxide (LDAO) [6] . Subcomplex Ia is an active NADH dehydrogenase, which can transfer electrons from NADH to a water soluble ubiquinone, and contains all the redox centres present in the intact complex I. Subcomplex I/3 has no known enzyme activity. Its subunits are largely hydrophobic, and it probably corresponds to part of the intrinsic membrane domain of complex I. Subcomplex I 1 purified from complex I by treatment with LDAO in high salt concentrations, is also an active subcomplex that is able to transfer electrons from NADH to the artificial electron acceptor ferricyanide, but not to quinones. Like subcomplex Ia it contains all the redox centres, but it has a simpler subunit composition than I a (see [6] . Subunits with unmodified a-amino groups were identified by N-terminal sequence analysis. These and other subunits were also identified by e.s.i.-ms. after fractionation of the subunits of each subcomplex by h.p.1.c. Subunits N D I , ND2, ND4 and NDS were purified from solvent extract of complex I. After treatment with dry methanolic HCI t o remove their N -a formyl groups, they were identified by N-terminal sequence analws. In subcomplex I I . two bands immediately below subunit 815 have not been identified. A few subunits of complex I have proved to be dificult to analyse by e.s.i.-m.s. Spectra have not been recorded so far on three of the largest subunits in the complex, namely the 75, 51 and 42 kDa subunits, nor have spectra been recorded on seven hydrophobic intrinsic membrane components of the complex: ND1-6 and ND 4L. The analysis of large proteins by e.s.i. requires the introduction of higher concentrations of protein into the source of the mass spectrometer than are needed for smaller proteins, and consequently larger quantities of proteins must be made available. Recombinant proteins are usually available in large quantities, and so determining the molecular masses of larger recombinant proteins has frequently presented little or no difficulty. In contrast, proteins from natural sources are often available in limited quantities, and so this can be a difficult condition to fulfil. An additional difficulty with the larger subunits of complex I is that they tend to be rather insoluble in water, and they are therefore recovered from reverse phase h.p.1.c. columns in rather poor yields. A direct linkage of a microbore or capillary h.p.1.c. system to the electrospray source of the mass spectrometer is expected to circumvent some of these problems. ND1-6 and ND41, contain few ionizable amino acids, and they are insoluble in solvents that have other ionization techniques such as laser desorption may be more appropriate for the mass spectral analysis of these proteins. been found to be compatible with e.s.i. Therefore, 555
